The $\cos 2\phi$ azimuthal asymmetry in $\rho^0$ meson production in
  ultraperipheral heavy ion collisions by Xing, Hongxi et al.
ar
X
iv
:2
00
6.
06
20
6v
1 
 [h
ep
-p
h]
  1
1 J
un
 20
20
Prepared for submission to JHEP
The cos 2φ azimuthal asymmetry in ρ0 meson
production in ultraperipheral heavy ion collisions
Hongxi Xinga, Cheng Zhangb, Jian Zhoub and Ya-Jin Zhoub
aGuangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South
China Normal University, Guangzhou 510006, China
bKey Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of Frontier and
Interdisciplinary Science, Shandong University (QingDao), Shandong 266237, China
Abstract: We present a detailed study of vector meson photoproduction in ultraperiph-
eral heavy ion collisions (UPCs). Using the dipole model, we develop a framework for the
joint impact parameter and transverse momentum dependent cross sections. We compute
the unpolarized cross section and cos 2φ azimuthal angular correlation for ρ0 photoproduc-
tion with φ defined as the angle between the ρ0’s transverse spin vector and its transverse
momentum. Our result on unpolarized coherent differential cross section gives excellent
description to the STAR experimental data. A first comparison between theoretical cal-
culation and experimental measurement on the cos 2φ azimuthal asymmetry, which results
from the linearly polarized photons, is performed and reasonable agreement is reached. We
find out the characteristic diffractive patterns at both RHIC and LHC energies and pre-
dict the impact parameter dependent cos 2φ azimuthal asymmetries for ρ0 photoproduction
by considering UPCs and peripheral collisions. The future experimental measurements at
RHIC and LHC relevant to our calculations will provide a tool to rigorously investigate
the coherent and incoherent production of vector meson in UPCs, as well as to probe the
nuclear structure in heavy ion collisions.
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1 Introduction
Ultraperipheral collisions (UPCs) of heavy ions at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) offer a great opportunity to explore nu-
clear structure with beams of quasi-real photons before the Electron Ion Collider (EIC)
era. In UPCs the strong hadronic interaction is suppressed, and the photon-nucleus (γA)
interactions involving photons emitted from one of the colliding nuclei are expected to be
dominant. Due to the large flux of quasi-real photons, γA interactions are enhanced by a
factor Z2 as compared to those in proton-nucleus (pA) or electron-nucleus (eA) collisions
where Z is the nuclear charge number. Among many exciting directions of UPC studies,
see for example [1, 2], diffractive vector mesons photoproduction on nuclei provide access
to the three dimensional gluon tomography of nucleus as well as stringent tests of the color
glass condensate (CGC) description of saturation physics. Because of this, such processes
have been extensively studied from both theoretical [3–17] and experimental [18–24] sides
during the past few decades.
Recently, significant cos 2φ and cos 4φ asymmetries for ρ0 meson production in UPCs
have been observed by STAR collaboration [25], where φ is the angle between the produced
ρ0 meson’s transverse momentum and its decay product pion’s transverse momentum. As
the angular distribution of final state decayed pions contains the information of the po-
larization of ρ0, the observed angular correlation between ρ0 and pion can be converted
into the correlation between the transverse spin vector and the transverse momentum for
ρ0, thus the φ asymmetry can serve as the meson’s spin analyzer. The investigations of
such polarization dependent observable in vector meson production certainly open a new
window to study the small-x structure of heavy nuclei as well as the associated nontrivial
QCD dynamics.
Motivated by the recent measurement by STAR collaboration at RHIC [25], we carry
out a detailed analysis of the cos 2φ azimuthal asymmetry for diffractive meson produc-
tion in UPCs. The underlying physics of cos 4φ asymmetry is rather different and will be
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addressed in a future work. Our calculation is formulated in a conventional method: the
quasi-real photon is treated as the color dipole of a quark-antiquark pair which recombines
to form a vector meson after scattering off the CGC state inside a nucleus. To account for
the cos 2φ asymmetry within the dipole model, the key insight is that the incident photon
is highly linearly polarized along the direction of its transverse momentum. The corre-
lation between the initial state photon’s polarization and transverse momentum will be
transferred to that for the final state vector meson. Notice that the Eikonal approximation
employed in the dipole approach plays a crucial role in preserving spin information after
the quark-antiquark pair experiences multiple gluon re-scattering.
As a matter of fact, the gauge bosons (photons/gluons) being highly linearly polarized
in the small x limit have been recognized as a common feature of the gauge theories in a
series of publications [26–28]. It was shown in Refs. [26, 29–38] that the linear polariza-
tion of photons/gluons can be probed through the azimuthal asymmetries in two particles
correlations. For instance, the QED calculations [27, 28] predict a sizable cos 4φ azimuthal
asymmetry for pure electromagnetic dilepton production in heavy ion collisions. Such cos 4φ
modulation has been clearly seen in a recent STAR measurement [39]. In particular, the
computed impact parameter dependent asymmetry is in excellent agreement with the ex-
perimental data for the UPC case, while the QED calculation in peripheral collisions slightly
overestimates the asymmetry in the centrality region 60 − 80%. With it being experimen-
tally confirmed, the linearly polarized quasi-real photon beam in heavy ion collisions can
be used as a powerful tool to explore the novel QCD phenomenology as well. The current
work represents the first effort towards this direction.
The paper is organized as follows. In Sec. 2, we derive the joint impact parameter
and transverse momentum dependent cross section in UPCs including both the coherent
and incoherent vector meson photoproduction contributions. In Sec. 3, we present numer-
ical estimations of polarization averaged and cos 2φ azimuthal asymmetries for diffractive
ρ0 production at RHIC and LHC energies. Reasonable good agreement with the STAR
measurements are reached. Finally, the paper is summarized in Sec. 4.
2 Theoretical setup
2.1 The polarization dependent wave functions
ρ0
γ
A
A
Figure 1. Diagram for diffractive ρ0 meson production in ultraperipheral heavy ion collisions.
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In this paper, we consider vector meson ρ0 production in UPCs, A+A→ ρ0+A′+A′.
In this process, as shown in Fig. 1, one of the nuclei can be considered as the source of quasi-
real photons that scatter off the other nucleus. The quasi-real photon-nucleus interaction
is treated as the quark-antiquark color dipole scattering off the target nucleus in the dipole
picture. After the dipole-nucleus collision, quark-antiquark pair subsequently recombines to
form a vector meson. The calculation of the polarization averaged cross sections for both the
coherent and incoherent vector meson production in UPCs are well formulated within the
dipole model in the literatures [4, 5]. Extending the analysis to the polarization dependent
case is the main purpose of the present work. At high energy, the transverse positions
of the quark and antiquark are not altered in the scattering process under the eikonal
approximation. Thus the production amplitude A(∆⊥) can be conventionally expressed
as the convolution of the dipole scattering amplitude and the overlap between the vector
meson and photon wave functions in position space,
A(∆⊥) = i
∫
d2b⊥ei∆⊥·b⊥
∫
d2r⊥
4π
∫ 1
0
dz Ψγ→qq¯(r⊥, z, ǫ
γ
⊥)N(r⊥, b⊥)Ψ
V→qq¯∗(r⊥, z, ǫV⊥), (2.1)
where −∆⊥ is the nucleus recoil transverse momentum. ǫγ⊥ and ǫV⊥ are the magnitudes
of transverse polarization vectors for the incident quasi-real photon and final outgoing
vector meson, respectively. The polarization dependent wave function Ψγ→qq¯ (ΨV→qq¯ ) of
the quasi-real photon (vector meson) is determined from light cone perturbation theory
at leading order in the section below. z denotes the fraction of the photon’s light-cone
momentum carried by the quark. N(r⊥, b⊥) is the elementary amplitude for the scattering
of a qq¯ dipole of size r⊥ on a target nucleus at the impact parameter b⊥ of the γA collision.
For coherent vector meson production, the dipole interacts with the nucleus as a whole
and leaves the nucleus in the ground state after the collision. As a comparison, in the
incoherent production process the photon interacts with a nucleon inside the nucleus to
produce a vector meson leaving the nucleus in an excited state. The coherent cross section
is obtained by averaging the amplitude over the position of the nucleon in the nucleus before
squaring it |〈A〉N |2, while the incoherent one is given by the variance 〈|A|2〉N − |〈A〉N |2.
Following Refs. [9, 13], the incoherent production amplitude squared (neglecting nuclear
correlation) takes the form,
|A(∆⊥)|2in ≈A(2πBp)2e−Bp∆
2
⊥
∫
d2b⊥TA(b⊥)
∣∣∣∣
∫
d2r⊥
4π
∫ 1
0
dzΨγ→qq¯(r⊥, z, ǫ
γ
⊥)
×ΨV→qq¯∗(r⊥, z, ǫV⊥)N (r⊥)e−2π(A−1)BpTA(b⊥)N (r⊥)
∣∣∣∣
2
, (2.2)
where A is the nuclear atomic number and Bp = 4 GeV
−2 in the IPsat model [10, 11].
TA(b⊥) is the nuclear thickness function. N (r⊥) is the dipole-nucleon scattering amplitude.
Eq. (2.2) has a clear physical interpretation: The dipole scatters independently off the
nucleons inside a nucleus, whose distribution in the transverse plane is given by TA(b⊥),
and the dipole can further interact with the rest of the A− 1 target nucleons. While only
elastic interactions are allowed in diffractive process, the inelastic re-scattering would make
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the process not diffractive and, hence, should be rejected. The probability of not having
inelastic scattering is given by the factor e−2π(A−1)BpTA(b⊥)N (r⊥).
We now move on to work out the polarization dependent photon’s wave function. For an
ultrarelativistic charged heavy ion, the dominant component of the induced electromagnetic
gauge potential is the plus component. The wave function of such a longitudinally polarized
photon can be perturbatively calculated directly. Alternatively, by invoking the Ward
identity argument, one can derive the same wave function with polarization vector −kµ⊥/x
instead of Pµ for a quasi-real photon that carries momentum xPµ+kµ⊥ [28], where P
µ is the
four-momentum for the beam nucleus. This actually is an essential reason why the small
x photons/gluons are highly linearly polarized for a given k⊥ in the TMD description of
photon/gluon distributions. The forward polarization dependent wave function at leading
order reads
Ψγ→qq¯(r⊥, z, ǫ
γ
⊥) =
eeq
2π
δaa′
{
δσ,−σ′
[
(1− 2z)iǫγ⊥ · r⊥ + σǫγ⊥× r⊥
] −1
|r⊥|
∂
∂|r⊥|
+ δσσ′mq(ǫ
γ,1
⊥ + iσǫ
γ,2
⊥ )
}
K0(|r⊥|ef ), (2.3)
where ǫγ⊥ = kˆ⊥ ≡ k⊥/|k⊥|. And σ and σ′ are the quark and antiquark helicities, a and
a′ are their color indices. mq and eq denote the quark mass and quark’s electric charge
number with flavor q, e is the charge of the nucleus. K0 is a modified Bessel function of the
second kind, in its argument ef is defined as e
2
f = Q
2z(1− z) +m2q with Q2 = k2⊥ + x2M2p ,
where Mp is the proton mass.
In analogy to the photon wave function, the forward transversely polarized vector meson
wave function is given by [10, 11],
ΨV→qq¯(r⊥, z, ǫV⊥) =δaa′
{
δσ,−σ′
[
(2z − 1)iǫV⊥ · r⊥ + σǫV⊥ × r⊥
] −1
|r⊥|
∂
∂|r⊥|
+δσσ′mq(ǫ
V,1
⊥ + iσǫ
V,2
⊥ )
}
Φ(|r⊥|, z) (2.4)
where the scalar part Φ(|r⊥|, z) will be specified shortly.
Combining Eqs. (2.3) and (2.4), and summing over the color and helicities of the quark
and antiquark, we obtain the overlaps between the photon and the vector meson wave
functions,
∑
a,a′,σ,σ′
Ψγ→qq¯ΨV→qq¯∗ =
eeq
π
Nce
i(z− 1
2
)∆⊥·r⊥
{
1
r2⊥
[
∂
∂|r⊥|Φ
∗(|r⊥|, z)
] [
∂
∂|r⊥|K0(|r⊥|ef )
]
× [(2z − 1)2(ǫV ∗⊥ · r⊥)(ǫγ⊥ · r⊥) + (ǫV ∗⊥ × r⊥)(ǫγ⊥ × r⊥)]
+m2q(ǫ
γ
⊥ · ǫV ∗⊥ )Φ∗(|r⊥|, z)K0(|r⊥|ef )
}
. (2.5)
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Note that a phase factor ei(z−
1
2
)∆⊥·r⊥ is included to account for the non-forward correc-
tion [47, 48] (see also the application of this phase factor in a model calculation in proton-
proton elastic scatterings [49]). As we focus on low transverse momentum region where
the produced meson transverse momentum is of the order of 1/RA with RA the nuclear
radius, ∆⊥ is sufficiently small compared to the relevant value of 1/r⊥. Therefore we will
neglect the phase ei(z−
1
2
)∆⊥·r⊥ to further simplify the expression. By doing so, the overlap
of photon and meson wave functions can be cast into the following form after integrating
out the azimuthal angle of r⊥,
∑
a,a′,σ,σ′
Ψγ→qq¯ΨV→qq¯∗ =(ǫV ∗⊥ · ǫγ⊥)
eeq
2π
2Nc
∫
d2r⊥
4π
N(r⊥, b⊥)
{[
z2 + (1− z)2]
×∂Φ
∗(|r⊥|, z)
∂|r⊥|
∂K0(|r⊥|ef )
∂|r⊥| +m
2
qΦ
∗(|r⊥|, z)K0(|r⊥|ef )
}
, (2.6)
where the correlation between r⊥ and b⊥ in N(r⊥, b⊥) is ignored [40, 41]. In Eq. (2.6), it
can be clearly seen that the photon’s polarization vector manifestly couples to meson’s one.
As mentioned in the introduction, the coupling of the spin states is the consequence of the
Eikonal approximation employed in our calculation.
2.2 The polarization dependent differential cross section
The purpose of the current work is to investigate the angular correlation between the vector
meson’s transverse spin vector and its decayed pion’s transverse momentum. At leading
order in perturbative QCD, the meson’s transverse momentum is equal to the sum of the
incident photons’ transverse momentum k⊥ and ∆⊥. It is then natural to formulate the
transverse momentum dependent cross section in the framework of TMD factorization,
which reads
dσ
d2q⊥dY
=
1
4π2
∫
d2∆⊥d2k⊥xf(x, k⊥)δ2(k⊥ +∆⊥ − q⊥)〈|A|2〉N , (2.7)
where q⊥ and Y are the produced vector meson’s transverse momentum and rapidity, re-
spectively. The photon TMD distribution is denoted as f(x, k⊥) which will be computed
below using the equivalent photon approximation, where longitudinal momentum fraction
x is fixed as x =
√
q2
⊥
+M2V
s e
Y at leading order. Correspondingly, the longitudinal momen-
tum fraction transferred to the vector meson via the dipole-nucleus interaction is given by
xg =
√
q2
⊥
+M2V
s e
−Y .
We proceed by explicitly separating the coherent and incoherent contributions,
dσ
d2q⊥dY
=
C
4π2
∫
d2∆⊥d2k⊥xf(x, k⊥)δ2(k⊥ +∆⊥ − q⊥)(ǫV ∗⊥ · kˆ⊥)2
×
[
|Aco(∆⊥)|2+
∫
d2b⊥TA(b⊥)|Ain(∆⊥)|2
]
=
C
8π2
∫
d2∆⊥xf(x, q⊥ −∆⊥)
{
1 + cos 2φ
[
2(qˆ⊥ · kˆ⊥)2 − 1
]}
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×
[
|Aco(∆⊥)|2 +
∫
d2b⊥TA(b⊥)|Ain(∆⊥)|2
]
, (2.8)
where qˆ⊥ = q⊥/|q⊥| and φ is the angle between ǫV ∗⊥ and q⊥. We have replaced ǫγ⊥ with kˆ⊥
in the above formula. A pre-coefficient C is introduced here to account for the real part
of the amplitude as well as the skewedness effect. In our numerical estimations, we simply
neglect these effects and set C to be equal to 1. In Eq. (2.8), the coherent and incoherent
scattering amplitudes are respectively given by
Aco(∆⊥) =
∫
d2b⊥e−i∆⊥·b⊥
∫
d2r⊥
4π
N(r⊥, b⊥)[Φ∗K](r⊥), (2.9)
Ain(∆⊥) =
√
A2πBpe
−Bp∆2⊥/2
[∫
d2r⊥
4π
N (r⊥)e−2π(A−1)BpTA(b⊥)N (r⊥)[Φ∗K](r⊥)
]
, (2.10)
where [Φ∗K] denotes the overlap of the virtual photon wave function and the vector meson
wave function,
[Φ∗K](r⊥) =
Nceeq
π
∫ 1
0
dz
{
m2qΦ
∗(|r⊥|, z)K0(|r⊥|ef ) +
[
z2 + (1− z)2]
×∂Φ
∗(|r⊥|, z)
∂|r⊥|
∂K0(|r⊥|ef )
∂|r⊥|
}
. (2.11)
It is now worthwhile to point out that the impact parameter b˜⊥ of the two colliding
nuclei is implicitly integrated out in Eq. (2.8). Therefore, one can not compute the ob-
servables in UPCs using Eq. (2.8). It is necessary to introduce an impact parameter b˜⊥
dependent cross section, from which the UPC observables can be estimated by integrating
out b˜⊥ from 2RA to ∞. Such a formalism actually has been developed long ago in the
context of evaluating the electromagnetic dilepton production in UPCs [42, 43]. Previously,
the b˜⊥ dependent azimuthal asymmetries for dilepton production was studied following the
same method [28].
The precise determination of the joint transverse momentum and impact parameter
dependence crucially relies on the assumption that the lepton pair or vector meson is locally
produced in the transverse plane of nucleus. This requirement is satisfied as long as the
vector meson’s mass is much larger than the inverse of the nucleus radius. The probability
amplitude for coherently producing a meson inside two nuclei is then proportional to,
M(Y, b˜⊥) ∝
∫
d2b⊥
[
FB(Y, b⊥ − b˜⊥)NA(Y, b⊥) +NB(−Y, b⊥ − b˜⊥)FA(−Y, b⊥)
]
Ψ∗(b⊥),
(2.12)
where FB is the EM gauge potential induced by nucleus B, and Ψ
∗(b⊥) is the function
describing the probability amplitude of finding a vector meson at the position b⊥. The r⊥
dependence of the dipole amplitude NA(Y, b⊥) is suppressed for brevity. Note that each
incident ion can serve as a source of photons and a target. So the production amplitude
contains two contributions, shown in Fig. 2, corresponding to the right-moving photon
source (denoted as nucleus A) and the left-moving source (denoted as nucleus B). Since
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b⊥
b˜⊥ b˜⊥
b⊥
A B A B
Figure 2. The vector meson is locally produced in the transverse plane inside each nucleus(A or
B) which takes turns to act as the target and the quasi-real photon source. This creates a set up of
the Young’s double-slit experiment at fermi scale. To suppress hadronic interactions, b˜⊥ must be
larger than 2RA.
these two possibilities are indistinguishable, they should be summed up on the amplitude
level rather than on the cross section level.
We now Fourier transform the above expression to momentum space,
M(Y, b˜⊥) ∝
∫
d2k⊥d2∆⊥δ2(q⊥ −∆⊥ − k⊥)Ψ∗(q⊥)
{
FB(Y, k⊥)NA(Y,∆⊥)e−ib˜⊥·k⊥
+ FA(−Y, k⊥)NB(−Y,∆⊥)e−ib˜⊥·∆⊥
}
, (2.13)
where a nontrivial phase arises together with a normal delta function which ensures trans-
verse momentum conservation. Due to the different phase factors e−ib˜⊥·k⊥ and e−ib˜⊥·∆⊥ , a
large destructive interference could occur between two contributions as shown below. Such
destructive interference of ρ0 in UPCs was first proposed by Klein and Nystrand [44], and
verified by the STAR measurement [45]. Later, the authors of the paper [46] suggested that
this phenomenon could also be studied in hadronic heavy ion collisions.
After combining with the conjugate amplitude, it yields phases e±ib˜⊥·(k⊥−k′⊥) for the
diagonal terms and e±ib˜⊥·(∆⊥−k′⊥) for the interference term, where k′⊥ is the photon’s trans-
verse momentum in the conjugate amplitude, which is not necessarily identical to that in
the amplitude. One eventually ends up with the joint b˜⊥ and q⊥ dependent cross section,
dσ
d2q⊥dY d2b˜⊥
=
1
(2π)4
∫
d2∆⊥d2k⊥d2k′⊥δ
2(k⊥ +∆⊥ − q⊥)(ǫV ∗⊥ · kˆ⊥)(ǫV⊥ · kˆ′⊥)
{∫
d2b⊥
×eib˜⊥·(k′⊥−k⊥) [TA(b⊥)Ain(Y,∆⊥)A∗in(Y,∆′⊥)F(Y, k⊥)F(Y, k′⊥) + (A↔ B)]
+
[
eib˜⊥·(k
′
⊥
−k⊥)Aco(Y,∆⊥)A∗co(Y,∆′⊥)F(Y, k⊥)F(Y, k′⊥)
]
+
[
eib˜⊥·(∆
′
⊥
−∆⊥)Aco(−Y,∆⊥)A∗co(−Y,∆′⊥)F(−Y, k⊥)F(−Y, k′⊥)
]
+
[
eib˜⊥·(∆
′
⊥
−k⊥)Aco(Y,∆⊥)A∗co(−Y,∆′⊥)F(Y, k⊥)F(−Y, k′⊥)
]
+
[
eib˜⊥·(k
′
⊥
−∆⊥)Aco(−Y,∆⊥)A∗co(Y,∆′⊥)F(−Y, k⊥)F(Y, k′⊥)
]}
, (2.14)
where F(Y, k⊥) is related to the coherent photon TMD via the relation [F(Y, k⊥)]2 =
xf(x, k⊥), and will be specified shortly. ∆′⊥ is constrained by the transverse momentum
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conservation: k⊥ + ∆⊥ = k′⊥ + ∆
′
⊥. The diagonal term and the interference term from
the coherent production contribution are presented in the last four lines. The incoherent
production contribution is given in the second line, where the interference term is ignored
due to its smallness at low transverse momentum. To demonstrate the destructive inter-
ference effect, one can carry out b˜⊥ integration and obtains the delta function δ2(k⊥ − k′⊥)
associated with the diagonal term and δ2(∆⊥ − k′⊥) for the interference term 1. It now
becomes evident that two contributions at q⊥ = 0 have an opposite sign resulting from the
vector product structure (ǫV ∗⊥ · kˆ⊥)(ǫV⊥· kˆ′⊥). For the fully symmetrical case Y = 0, this effect
leads to a complete cancelation between the last four lines at q⊥ = 0. Such cancelation can
be intuitively understood as the consequence of the parity conservation. In the general case
without b˜⊥ integration, the cross section is reduced by this destructive interference effect
mainly in the low q⊥ region.
To facilitate the numerical estimation, we replace the vector product structure (ǫV ∗⊥ ·
kˆ⊥)(ǫV⊥ · kˆ′⊥) in Eq. (2.14) with,[
(kˆ⊥ · kˆ′⊥) + cos(2φ)
(
2(kˆ⊥ · qˆ⊥)(kˆ′⊥ · qˆ⊥)− kˆ⊥ · kˆ′⊥
)]
, (2.15)
where the polarization states of the produced ρ0 have been summed over. We now argue
that the cos 2φ asymmetry under investigation is essentially equivalent to the measured
angular correlation between q⊥ and the final state pion’s transverse momentum pπ⊥. Due
to the angular momentum conservation, the decay amplitude of the process ρ0 → π+π−
must be proportional to M∝ eiλφpi where φπ is the azimuthal angle of pπ⊥ and λ denotes ρ
meson’s helicity state. This immediately implies that there exits a angular correlation of the
type pˆπ⊥ · ǫV ∗⊥ provided that the vector meson is linearly polarized. As a consequence, once
summing over all polarization states of the vector meson, the correlation 2(qˆ⊥ · ǫV ∗⊥ )2 − 1
appears in the above cross section formula will be converted into the one 2(qˆ⊥ · pˆπ⊥)2 − 1
which is exactly the observable that has been measured by the STAR experiment.
3 Phenomenology
We proceed to perform the numerical estimations of the cos 2φ asymmetry using Eq. (2.14)
in this section. First of all, let us collect all ingredients that are necessary for numeri-
cal calculations. We start with introducing the parametrization for the dipole scattering
amplitude whose formal operator definition is given by,
N(b⊥, r⊥) = 1− 1
Nc
〈
Tr
(
U(b⊥ + r⊥/2)U †(b⊥ − r⊥/2)
)〉
. (3.1)
The dipole amplitude is usually obtained by solving the BK equation with the initial con-
dition being fitted to the experimental data or derived from the MV model. However,
the numerical implementation of the impact parameter dependent BK equation is a highly
1It can be readily seen that the b˜⊥ integrated cross section is reduced to Eq. (2.8) provided that the
interference term is neglected.
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non-trivial task. For simplicity, we instead use a phenomenological parametrization for the
b⊥ dependence of the dipole amplitude [10, 11],
N(b⊥, r⊥) = 1− e−2πBpATA(b⊥)N (r⊥), (3.2)
where, as mentioned before, N (r⊥) is the dipole-nucleon scattering amplitude. The nu-
clear thickness function TA(b⊥) is determined with the Woods-Saxon distribution in our
numerical calculation. Note that 4πBpN (r⊥) = σpdip(r⊥) is the total dipole-proton cross
section for a dipole of size r⊥. In literatures there are many parameterizations available for
the dipole-proton cross section. Here we adopt a modified IPsat model in which the im-
pact parameter dependence of the dipole-nucleon scattering amplitude has been factorized
out [13]
N (r⊥) = 1− exp
[−r2⊥G(xg, r⊥)] , (3.3)
where G is proportional to the DGLAP evolved gluon distribution in the Bartels, Golec-
Biernat and Kowalski (BGBK) parametrization [50]. In our numerical estimations, we
adopt a simpler parametrization for the gluon distribution known as the Golec-Biernat and
Wüsthoff (GBW) model [51, 52],
G(xg) =
1
4
Q2s(xg), (3.4)
where Qs(xg) = (x0/xg)
λGBW /2 GeV is the saturation scale. We use the parameters x0 =
3× 10−4 and λGBW = 0.29 [11] which were determined by fitting to HERA data.
For the scalar part of the vector meson wave function, we use “Gaus-LC” wave function
also taken from Refs. [10, 11]
Φ(|r⊥|, z) = βz(1− z) exp
[
− r
2
⊥
2R2⊥
]
, (3.5)
where β = 4.47, R2⊥ = 21.9 GeV
−2 for ρ meson. An alternative parametrization, the
“boosted Gaussian” wave function is also widely used in the study of exclusive production
of vector meson. The existing HERA data is reasonably well described by estimations of
vector meson photoproduction employing either wave function model.
The photon distribution f(x, k⊥) at low transverse momentum is commonly computed
with the equivalent photon approximation, also often referred to as the Weizsa¨cker-Williams
method, in which the photon flux is calculated by treating the fields of charged relativistic
heavy ions as external, i.e., classical electromagnetic field. This method has been widely
used to compute UPC observables, see for example Refs. [53, 54]. The photon distribution
derived in the equivalent photon approximation is given by [42, 55]
xf(x, k⊥) =
Z2αe
π2
k2⊥
[
F (k2⊥ + x
2M2p )
(k2⊥ + x2M2p )
]2
, (3.6)
where F is the nuclear charge form factor, Mp is the proton mass. Similarly, one has
F(Y, k⊥) = Z
√
αe
π |k⊥|
F (k2
⊥
+x2M2p )
(k2
⊥
+x2M2p )
. By simply assuming that the nuclear charge distribution
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is the same as that for a nucleon, the charge form factor can be determined with the
Woods-Saxon distribution
F (~k2) =
∫
d3rei
~k·~r C0
1 + exp [(r −RWS)/d] , (3.7)
where RWS (Au: 6.38 fm, pb: 6.62 fm) is the nuclear radius and d (Au: 0.535 fm, Pb:
0.546 fm) is the skin depth, C0 is the normalization factor. Alternatively, one can use the
form factor in momentum space from the STARlight MC generator [56],
F (~k2) =
3
|~k|3R3A
[
sin(|~k|RA)− |~k|RA cos(|~k|RA)
] 1
a2~k2 + 1
, (3.8)
where RA = 1.1A
1/3 fm, and a = 0.7 fm. This parametrization numerically is very close
to the Woods-Saxon distribution, and will be used in our numerical evaluation. Due to the
neutron skin effect and the surrounding pion cloud, the effective nuclear strong interaction
radius is larger than its EM radius. To fit RHIC data [21], we compute the thickness
function TA(b⊥) with the radius RA = 6.9 fm and the depth d = 0.64 fm for a gold target.
For a lead target, we simply re-scale these numbers by multiplying a factor A
1/3
lead/A
1/3
gold.
We determine eq by noticing that the ρ
0 meson wave function reads 1√
2
(|uu¯〉 − |dd¯〉). This
would imply a replacement of eq by eq → 1√2(eu − ed). The effective charge eq for ρ0 then
is 1/
√
2.
For the unrestricted UPC case, the asymmetry is averaged over the impact parameter
range [2RA,∞]. However, RHIC-STAR measures ρ0 photoproduction cross section together
with the double electromagnetic excitation in both ions. Neutrons emitted at forward angles
from the scattered nuclei are detected by zero-degree calorimeters (ZDCs), and used as a
UPC trigger. Requiring that UPCs are accompanied by forward neutron emission alters
the impact parameter distribution compared with unrestricted UPC events. In order to
incorporate the experimental conditions in the theoretical calculations, one can define a
“tagged” UPC cross section
2π
∫ ∞
2RA
b˜⊥db˜⊥P 2(b˜⊥)dσ(b˜⊥, ...). (3.9)
Where the probability P (b˜⊥) of emitting a neutron from the scattered nucleus is often
parameterized as [57]
P (b˜⊥) = P1n(b˜⊥) exp
[
−P1n(b˜⊥)
]
, (3.10)
which is denoted as the “1n” event, while for emitting any number of neutrons (“Xn” event),
the probability is given by
P (b˜⊥) = 1− exp
[
−P1n(b˜⊥)
]
, (3.11)
with P1n(b˜⊥) = 5.45 × 10−5 Z
3(A−Z)
A2/3 b˜2
⊥
fm2. As a matter of fact, the mean impact parameter
is dramatically reduced in interactions with Coulomb dissociation.
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Figure 3. (color online) The unpolarized cross section for coherent ρ0 photo-production in XnXn
events at RHIC energy. The red dots are experimental data points taken from [21]. The blue line
shows our numerical result for this unpolarized cross section.
With all these ingredients, we are ready to perform numerical study of the azimuthal
asymmetries for ρ0 meson production in heavy ion collisions. To test the theoretical calcu-
lation, we first compute the azimuthal averaged cross section for coherent photoproduction
of ρ0 and compare with experimental data from the STAR collaboration [21]. In particular,
we calculate the differential cross section dσ/dt with the Mandelstam variable t ≈ −q2⊥,
and the rapidity is integrated out in the region |Y | ≤ 1 to match the STAR measurement.
Notice that the incoherent component has been subtracted out in STAR measurement.
Therefore, we exclude the first term in Eq. (2.14) and integrate over the azimuthal angle
φ, namely only the first term in Eq. (2.15) needs to be considered. As shown in Fig. 3,
our theoretical result represented by blue curve describes the experimental data perfectly
in identifying the minima and peaks, as well as the overall shapes.
Figure 4. (color online) The cos 2φ azimuthal asymmetries in ρ0 production(Xn-Xn events) in
heavy ion collisions at RHIC and LHC energies. The computed cos 2φ in UPC at RHIC energy(left
panel, solid line) can qualitatively describe the preliminary measurement by the STAR collabo-
ration [25]. The asymmetry in peripheral collisions with centrality region from 70%-90% is also
presented with the dashed lines.
The numerical results for the azimuthal asymmetries for ρ0 at RHIC and LHC energies
are presented in Fig. 4, where the azimuthal asymmetry, i.e., the average value of cos 2φ is
– 11 –
defined as,
〈cos(2φ)〉 =
∫
dσ
dPS cos 2φ dPS∫
dσ
dPS dPS
. (3.12)
We use exactly the same setups as that in the unpolarized case but including both the
coherent and incoherent components. Since we are considering the average value of cos 2φ,
only the second term in Eq. (2.15) contributes. We can see clearly the diffractive pattern
with two minima visible in q⊥ distribution, such characteristic feature is also identified in the
STAR preliminary measurement. The q⊥ distribution for the average value of cos 2φ can be
easily understood as the asymmetry is almost entirely generated in the coherent scattering,
while both the coherent and incoherent production contribute to the azimuthal averaged
cross section. As the first attempt, our result shown in the left plot in Fig. 4(solid line)
describes the STAR preliminary data [25] reasonably well in terms of finding the correct
depths of the dips. However, slightly larger q⊥ for the locations of the dips are found from
our theoretical calculation comparing to those in STAR preliminary data, which suggests
an increase in effective nuclear size in our calculation when considering polarized case. In
order to investigate the impact parameter dependence, we also show in Fig. 4 the comparison
between UPC and peripheral collisions at RHIC energy
√
s = 200 GeV in Au-Au collisions
and at LHC energy
√
s = 5020 GeV in Pb-Pb collisions, we take 70−90% centralities as an
example in peripheral collisions 2. With the increase of impact parameter, we see slightly
shift of the location for the dips. We also predict measurable difference between UPC and
peripheral collisions at both RHIC and LHC.
4 Conclusion
In summary, we have studied the cos 2φ azimuthal angular correlation in vector meson
production in ultraperipheral heavy ion collisions, where φ is defined as the angle between
vector meson’s transverse spin vector and its transverse momentum. The asymmetry es-
sentially results from the linear polarization of incident coherent photons, which just has
been experimentally confirmed by the recent STAR measurement of a cos 4φ modulation in
pure electromagnetic lepton pair production [39]. The asymmetries evaluated in the dipole
model for ρ0 photoproduction at RHIC and LHC energies are shown to be rather sizable.
Admittedly, the perturbative treatment for ρ0 must be legitimately criticized due to the
lack of a hard scale in the problem. However, one might expect that the angular correla-
tion structure is not altered by the non-perturbative effect, for which a more sophisticated
phenomenological method is required. Nevertheless, we found that our calculation turns
out to be in reasonably good agreement with the ρ0 measurement by STAR collaboration.
As mentioned in the introduction, a significant cos 4φ asymmetry in ρ0 production was also
observed at RHIC. This observable could potentially give the access to the non-trivial gluon
GTMD/Wigner distribution and will be addressed in a future publication.
2For peripheral collisions with relative large impact parameter, the coherent photon-nucleus interaction
still dominates over hadronic reactions in vector meson production [22].
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The obtained transverse momentum dependent cos 2φ asymmetries have a distinctive
diffractive pattern which undoubtly opens a new window to investigate the coherent and
incoherent production of vector meson. As demonstrated by the present study, quasi-real
photon beams with linear polarization in heavy ion collisions can be used as a powerful
tool to explore novel QCD phenomenology. Meanwhile, as a byproduct of this work, we
developed a formalism to compute the joint impact parameter and transverse momentum
dependent cross sections that enables us to reliably extract ∆⊥ dependence in UPCs. The
Fourier transform of ∆⊥ distribution would provide crucial information on the transverse
spatial distribution of gluons inside a nucleus, which is one of the central scientific goals in
the forthcoming EIC era.
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